Blue oak tree-ring chronologies correlate highly with winter-spring precipitation totals over California, with Sacramento and San Joaquin river stream flow, and with seasonal variations in the salinity gradient in San Francisco Bay. The convergence of fresh and saline currents can influence turbidity, sediment accumulation, and biological productivity in the estuary. Three selected blue oak chronologies were used to develop a 625-year-long reconstruction of the seasonal salinity gradient, or low salinity zone (LSZ), which provides a unique perspective on the interannual-to-decadal variability of this important estuarine habitat indicator. The reconstruction was calibrated with instrumental LSZ data for the winter-spring season, and explains 73% of the variance in the February-June position of the LSZ from 1956 to 2003. Because this calibration period post-dates the sweeping changes that have occurred to land cover, channel morphology, and natural streamflow regimes in California, the reconstruction provides an idealized estimate for how the LSZ might have fluctuated under the seasonal precipitation variations of the past 625 years, given the modern geometry and bathymetry of the estuary and land cover across the drainage basin. The February-June season integrates precipitation and runoff variability during the cool season, and does not extend into the late-summer dry season when LSZ extremes can negatively affect Sacramento-San Joaquin Delta (Delta) agriculture and some aquatic organisms. However, there is such strong inter-seasonal persistence in the instrumental LSZ data that precipitation totals during the cool season can strongly pre-condition LSZ position in late summer. The 625-year-long reconstruction indicates strong interannual and decadal variability, the frequent recurrence of consecutive 2-year LSZ maxima and minima, large-scale ocean atmospheric forcing, and an interesting asymmetrical influence of warm El Niño-Southern Oscillation (ENSO) events.
INTRoDuCTIoN
Natural and anthropogenic factors dictate modern water-quality conditions in the San Francisco Bay-Delta ecosystem (Peterson and others 1995; Knowles 2002; Kimmerer 2004) . Precipitation over San Francisco Bay's drainage basin and subsequent freshwater outflow from the Sacramento-San Joaquin Delta (Delta) governs much of the seasonal-to-interannual variability in the position of the longitudinal salinity gradient in the northern estuary (Conomos 1979) . The estuarine salinity gradient is usually steepest in Suisun Bay, where Delta outflow and the location of the salt field correlate with many biological variables (Jassby and others 1995; Kimmerer 2004; Enright and Culberson 2009) . During wet winters with high runoff Suisun Bay is freshened and the gradient between fresh and saline water masses is forced seaward. During drought years with low streamflow, saline conditions intrude landward into the upper estuary. Reservoir storage and the export of freshwater from the Sacramento-San Joaquin system for agricultural, industrial, and municipal supplies have altered the natural runoff regime into the estuary (Nichols and others 1986) , and freshwater transfer through the Delta has changed seasonal water clarity (Nobriga and others 2008) . Many native and introduced organisms are sensitive to the aquatic habitat changes that result from net freshwater inflow to the estuary, and some organisms are in decline due to water-quality changes associated with drought and freshwater export (Jassby and others 1995) .
An index of the longitudinal salinity gradient has been developed to measure changes in estuarine habitat conditions associated with variations in freshwater inflow from the Sacramento and San Joaquin rivers (Jassby and others 1995) . The position of the salinity gradient is measured as the distance from the Golden Gate, up the axis of the estuary, to the point where the near-bottom water salinity concentration is 2 psu (practical salinity units, or 2‰, Jassby and others 1995; Monismith and others 2002) . The position of this near-bottom isohaline, or low salinity zone (LSZ), correlates with several of the physical, chemical, and biological properties of the estuary, and can be managed, in part, by controlling freshwater export from the Sacramento-San Joaquin River system, especially during the dry, low-flow summer season.
The influence of precipitation over river discharge, Delta outflow, and the longitudinal salinity gradient also controls the growth of climate-sensitive blue oak trees (Quercus douglasii), which are widely distributed across San Francisco Bay's drainage basin. Because of this joint response to seasonal precipitation totals, past precipitation amounts, river discharge, and the resulting estuarine salinity gradient can be reconstructed. In this paper, we use three selected blue oak chronologies to reconstruct the seasonal position of the LSZ in the northern reach of San Francisco Bay for the past 625 years. (1977 and 1983, respectively) , and 90.0 and 37.7 km in the 625year reconstruction (1976 and 1983, respectively) .
The LSZ can equate with the geographical location of the null point or null zone in some estuaries, where river-driven freshwater flow and tidally dispersed salinity motions balance and are associated with high turbidity, sediment accumulation, and biological productivity-marking a sharp transition between aquatic species composition of upper and lower estuaries (Miller 1983; Schemel and others 1984) . However, the null zone in the northern estuary of San Francisco Bay (Suisun Bay) is less tightly related to freshwater flow rate, especially high flows, because the water column can become stratified in response to spatial changes in water depth and strong tidal motions (Monismith and others 2002) . Nevertheless, freshwater inflow is important to biological productivity in the northern estuary and can mediate algal, planktonic, and fisheries production (Schemel and others 1984; Jassby and others 1995) .
The influence of precipitation over California on freshwater inflow and estuarine salinity in San Francisco Bay has been described by Dettinger and Cayan (2003) and Enright and Culberson (2009) . Enright and Culberson (2009) used an average of 13 precipitation-recording stations to compile an index of how precipitation has forced estuarine processes monthly and by water year. Their regional index averages climate variability across the sub-basins of the drainage network (e.g., Dettinger and others 1998) , and emphasizes the combined effect of basinwide precipitation on Delta outflow during the nearly 100 years of instrumental observations. In a similar manner, long precipitation-sensitive proxies can provide insight into the natural climate-driven variability of inflow, and the position of the salinity gradient during the late Holocene, apart from the artificial regulation of the Sacramento-San Joaquin hydraulic system (e.g., Malamud-Roam and others 2007).
Blue oak is an endemic California hardwood widely distributed across San Francisco Bay's drainage basin (Figures 2 and 3) . It forms the lower forest border, and in moisture-limited sites is one of the most precipitation-sensitive tree species yet discovered (Meko and others 2001; Stahle and others 2001) . Long treering chronologies derived from these ancient blue oak can provide an intricate record of hydroclimatic variability over the drainage basin of San Francisco Bay for the past several centuries.
Freshwater flow into the Bay-Delta ecosystem and the index of the LSZ (referred to as X 2 by Jassby and others 1995), are regulated through the State Water Resources Control Board Decision 1641 (SWRCB 1995) , with research input from the California Bay-Delta Authority (CBDA). Regulation of the system is challenged by competing interests, including water export for agricultural and municipal supplies in southern California, the maintenance of minimum flows in the Delta to supply irrigation
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Figure 2
This 300-year-old blue oak tree at Rock Springs Mountain is typical of the ancient climate-sensitive blue oak found widely across the foothills of the Coast Ranges, Cascades, and Sierra Nevada. scales, given the present land cover, stream morphology, and regulated flow environment, in response to the range of modern and prehistoric seasonal precipitation totals registered in the tree-ring record over the past 625 years.
These reconstructions are also based on the position of the salinity gradient during the winter, spring, and early summer (i.e., the February-June mean position), and do not extend into the mid-to late-summer period of seasonal drought when landward positions of the LSZ can negatively affect the aquatic ecosystem and Delta agriculture. Nevertheless, the reconstruction provides sensitive centuries-long estimates for how the LSZ would respond to precipitation forcing during the winter-spring-early summer season under the modern realities of this human-altered estuary. There is also strong persistence in the instrumental LSZ data from late spring into late summer, in part because cool-season precipitation totals pre-condition runoff and estuarine water quality during full summer.
The reconstruction of LSZ position based on precipitation-sensitive blue oak chronologies allows us to examine the return intervals between single-year LSZ extrema, and to quantify the frequency of consecutive seasonal maxima and minima in LSZ position over the past 625 years. This provides some empirical expectation for the likelihood of consecutive February-June extremes in the future. These extended estimates of LSZ position during the late 19th and 20th century periods of instrumental sea surface temperature measurements also permit exploration of the potential role of large-scale ocean-atmospheric forcing of the salinity gradient in the estuary.
DATA Low Salinity Zone
An index of isohaline position was developed by Jassby and others (1995) and is the mean position in the northern arm of the estuary, where the near bottom salinity average is 2‰. The position is measured in kilometers up the northern axis of the estuary from the Golden Gate. The LSZ intrudes landward during the summer dry season and during drought, and water and prevent saltwater intrusion, and the regulation of flow into the estuary for waste water and ecosystem management (Kimmerer and others 2005) . Long instrumental, documentary, and proxy records of habitat quality can provide an important perspective on interannual-to-decadal fluctuations in hydroclimatic variables such as precipitation, streamflow, and estuarine salinity. However, variations in the geographical position of the LSZ have been affected by water regulation and by changes in the geometry and bathymetry of the Sacramento-San Joaquin Delta estuarine system, beginning in earnest with hydraulic mining during the Gold Rush. How modern variations in the LSZ might mimic pre-settlement variability cannot be determined with the tree-ring reconstructions developed in this paper because they have been calibrated with LSZ observations made long after the major anthropogenic changes were in place. Instead, the reconstruction of the LSZ presented below provides an estimate for variability in the salinity gradient on interannual-to-decadal time of the species (Figure 4 ), to help document natural hydroclimatic variability across San Francisco Bay's drainage basin (Meko and others 2010) . These collections included increment core samples extracted non-destructively from living trees and cross sections cut from the dead wood that sometimes litter these old-growth oak woodlands. At least 40 trees per site were sampled; the average sample size of trees and dead stems was 65 per collection site. The collections were mounted and polished; the growth rings on every specimen were dated to the exact calendar year of ring formation under the microscope using the skeleton plot and visual methods of cross-dating (Douglass 1941; Stokes and Smiley 1995) . The mean ring width of the blue oak trees in our sample from 36 sites was only 0.53 mm (based on 2,495 dated trees, for a diameter expansion rate of only 1.06 mm is forced seaward during the winter wet season and years of above-average precipitation and stream flow. There is a systematic relationship between surface and bottom salinity in the northern estuary, so the near bottom position of the 2‰ salinity value was located on the basis of the 1.76‰ surface salinity position (Jassby and others 1995) . Missing daily values were estimated from the preceding daily values of isohaline position, river outflow from the Delta (in cubic meters per second), and autoregressive time series modeling techniques (Jassby and others 1995) . The daily isohaline data were obtained from A. Jassby (University of California, Davis, pers. comm.) and were then averaged by month (referred to from here as the low salinity zone, or LSZ). The monthly LSZ data were then correlated with the available blue oak chronologies over the water year to determine the optimal season for reconstruction.
Tree-Ring Chronologies
The natural distribution of blue oak nearly encircles the great Central Valley of California, and covers a significant fraction of San Francisco Bay's drainage basin ( Figure 3 ). Blue oak is also referred to as foothills oak and in pre-settlement times it formed the lower forest border with the grasslands of the Central Valley. The upper elevation limit of blue oak woodlands extends into the mixed conifer zone to approximately 5,000 feet. Blue oak trees can achieve impressive size, but they often exhibit an open growth form with little clear stem and, consequently, were not preferred for logging and lumber production ( Figure 2 ). Blue oak woodlands have been extensively cleared for grazing, viticulture, and suburban development, but ancient trees of pre-settlement age survive widely across the more rugged and remote terrain of the Coast Ranges and the foothills of the Cascades and Sierra Nevada. Most of these ancient blue oak woodlands have been affected by grazing, but field surveys indicate that literally millions of canopy blue oak in the 200-year age class still survive across the native range. Individual blue oak over 300 years old are often found in these remnant stands, and trees over 400 years old are occasionally found.
Tree-ring collections were obtained from 36 blue oak woodlands that span the natural distribution per year). Growth rings were not formed on some trees during certain years of extreme drought (e.g., 1580, 1635) but these "missing rings" were positively identified through crossdating of the highly detailed patterns of wide and narrow rings by comparison with other trees at the site and other sites in the region, which reflects the shared climate history in common to all trees in California.
METhoDS
We used the computer program COFECHA (Holmes 1985; Grissino-Mayer 2004) for quality control over the dating and measurement accuracy of all dated radii. We used the program ARSTAN (Cook 1985; Cook and Krusic 2008) to calculate of the mean ringwidth chronologies at the three sample locations. Ring-width growth in blue oak is non-stationary in the mean and variance, and mean ring width tends to decline with the increasing size and age of the tree ( Figure 5 ). By fitting empirical growth curves to the raw ring-width time series, we removed this non-climatic growth trend. We calculated ring width indices for each specimen by dividing the ring-width value by the value of the fitted curve for each year. The resulting ring-width indices have a mean of approximately 1.0 for each specimen and a robust mean value function was used to compute the mean index chronology for each collection site (Cook 1985) .We used Box-Jenkins time series techniques (Box and Jenkins 1976; Cook 1985) to model and remove loworder persistence in the blue oak ring-width time series believed to be the result of biological memory unrelated to the inter-annual variability of precipitation or related variables such as streamflow or the estuarine position of the salinity gradient. The resulting "residual" ring-width index chronologies resemble a white noise process in the time domain, similar Figure 5 The raw ring widths are plotted for each dated series from the three sites used for LSZ reconstruction (without any detrending or standardization, red time series). The robust mean ring width (discounting outliers, in mm) is illustrated by the black time series for each location (Cook 1985) . Note the long-term decline in mean ring width (especially during the first half of each chronology), and the local changes in average variance that are believed to largely reflect biological changes associated with the increasing size and age of the sample trees. The high-frequency variability superimposed on the long-term changes in mean ring width is largely the result of winter-spring precipitation changes over California.
to the seasonal index of the LSZ used for reconstruction.
We screened the 36 available blue oak tree-ring chronologies from California for correlation with the seasonal LSZ data, and selected three long chronologies with high correlations for further analysis, one each from the north, central, and south Coast Ranges (Figure 4 ). These chronologies were obtained from public and private property at Bear Valley Buttes, Mt. Diablo, and Rock Springs Mountain; they are exceptionally sensitive to seasonal precipitation totals and span a large fraction of San Francisco Bay's drainage basin ( Figure 6 ). The residual chronologies from these three sites were used to compute a regional average chronology, after each chronology was normalized to assure that they would contribute with equal weight to the regional average.
We correlated the regional chronology average with monthly LSZ data to identify the best season for reconstruction. We then averaged the monthly LSZ data for the optimal season (which was determined to be February-June). The lag-1 autocorrelation in the seasonalized LSZ data (February-June) was only r -1 = 0.20 (P = 0.18), and autoregressive modeling did not identify any significant persistence in these seasonalized data available from 1956-2003 (AR = 0). Because we did not find significant low-order persistence in the instrumental LSZ data, we used serially random tree-ring chronologies (AR = 0) in the reconstruction of the seasonal LSZ.
Double mass analysis (Kohler 1949 ) was used to evaluate the internal homogeneity of both the seasonal LSZ data and the regional blue oak chronology. Double mass analysis involves plotting the simultaneous accumulation of two physically linked variables such as nearby rain gauge records. It is used to identify systematic changes in mean amounts or variance (i.e., inhomogeneities) that can arise from physical changes in the environment surrounding a rain gauge (e.g., growth of overhanging trees or nearby buildings). In the case of streamflow records, anthropogenic diversions for irrigation or municipal supplies, and changes in the geometry of the stream channel near a gauge from upstream construction or land clearing, can introduce inhomogeneities into the .
Figure 6
The tree-ring chronologies from Bear Valley Buttes (A), Mt. Diablo (B), and Rock Springs Mountain (C) were each correlated with the seasonal precipitation totals accumulated from September through May at each grid point in the PRISM precipitation data set (PRISM = Parameterelevation-Regressionson-Independent-Slopes-Model; Daly and others 2008). The PRISM grid spacing is 4-by-4 km, and has been distributed across the landscape taking into account orographic and topographic effects on precipitation. Correlation coefficients computed between the tree-ring chronologies (indicated by the white dots) and the precipitation data at each grid point are contoured and color-coded. The highest correlations are shown in dark red. Correlations above 0.80 are mapped with the light contour line, correlations above 0.90 with the heavy line. Note the strong and spatially distributed seasonal precipitation signal recorded by these three chronologies (the area with correlations above 0.70), which together cover most of the San Francisco Bay drainage basin. record. Regional precipitation data (or even tree-ring chronologies) are useful as comparison variables with precipitation, streamflow, or derived hydroclimatic variables, such as the LSZ.
The regional blue oak chronology was submitted to forward stepwise regression to identify potential predictors of seasonal LSZ position. Lead and lag variables derived from the regional chronology were included as potential predictors (i.e., year t -1 , t, t +1 , t +2 ) of LSZ position in year t. In all cases reported below, we selected a simple bivariate model based solely on tree growth in year t. We then used the regression coefficients to construct a transfer function to estimate LSZ position based on the value of the regional blue oak chronology. We developed a second experimental reconstruction, based on a sub-period of the available LSZ indices, to test the performance of the blue oak reconstructions when compared with independent LSZ data not used in the calibration. We computed a suite of verification statistics between the estimated and observed LSZ data outside of the calibration period (Fritts 1976; Cook and Kariukstis 1990) , and used the general linear model to test for significant differences between the regression coefficients calculated from the full and sub-period calibration models (i.e., full = 1956-2003, sub-period = 1956-1976) .
The three-site regional average extends from 1582 to 2003, but the Rock Springs chronology extends from 1379 to 2003, and is highly correlated with monthly and seasonal LSZ position. Therefore, we used the single chronology from Rock Springs to develop a nested reconstruction extending from 1581 back to 1379, with the same forward stepwise regression method used for the full three-site reconstruction outlined above. The normalized residual chronology from Rock Springs was first scaled to equal the variance of the three-site average chronology (i.e., anomalies computed from the Rock Springs chronology by subtracting the mean were multiplied by the ratio of standard deviations calculated for the two chronologies for the 1582-2003 common period, and the mean was then added back to complete the variance equalization). We then added the reconstruction derived from the Rock Springs chronology to the inside of the threesite reconstruction (1379-1581 = Rock Springs only, 1582-2003 = three-site average reconstruction). The variance lost in regression was added back separately for each nested reconstruction into the annual estimates of LSZ position from 1379 to 2003 to complete the continuous 625-year-long reconstruction.
We used return time analysis (Viessman and others 1972) to estimate the recurrence probabilities for single-year LSZ positions of various magnitude during the instrumental and longer reconstructed time periods. We also tallied the number of consecutive two-year events when the reconstructed LSZ exceeded 110% of the median or fell below 90% of the median: the frequency of these consecutive extrema were plotted against return interval (in years). We examined the large-scale ocean-atmospheric influences on the interannual variability of seasonal LSZ position during the 20th century with correlation and composite analyses of the global sea surface temperature field during wet (seaward) and dry (landward) extremes of the reconstruction. We investigated low frequency variance in the seasonal LSZ reconstruction over the entire 625-year period, potentially linked with ocean-atmospheric forcing, with spectral (Jenkins and Watts 1968) and wavelet analyses (Torrence and Compo 1995) .
RESuLTS
The three selected blue oak tree-ring chronologies provide exceptional proxies of seasonal precipitation over a large fraction of San Francisco Bay's drainage basin. The Bear Valley Buttes, Mt. Diablo, and Rock Springs Mountain chronologies were each correlated with September-May precipitation totals at each grid point in the 4-by-4 km PRISM precipitation data set (Daly and others 2008) . The strongest correlations with seasonal precipitation (r ≥ 0.90) were computed with the Mt. Diablo and Rock Springs chronologies, but the spatial correlation pattern of these three chronologies covers most of the region that contributes runoff to San Francisco Bay ( Figure 6 ). These correlation patterns reflect, in part, the organized storms that deliver most of the winter-spring precipitation across California and Nevada. The outstanding regional precipitation history recorded by blue oak chronologies has already been used in the reconstruction of Sacramento River flow (Meko and others 2001) , spatial gradients in precipitation across California (Meko and others 2010) , and seasonallyaveraged surface salinity in San Francisco Bay (Stahle and others 2001) . The widespread precipitation signal illustrated in Figure 6 indicates that blue oak chronologies can be used to estimate the seasonally averaged position of the LSZ under the present land use and water regulations in place for San Francisco Bay's drainage basin.
The monthly LSZ data from 1956 to 2005 are plotted in Figure 7 and illustrate the strong seasonal cycle driven by the Mediterranean precipitation regime of California. The intense two-year drought of 1976-1977 and the six-year drought from 1987-1992 severely depressed California precipitation, reduced Sacramento-San Joaquin stream flow, and had a major affect on the longitudinal salinity gradient. The seasonal LSZ maxima in 1959 LSZ maxima in , 1960 LSZ maxima in , and 1961 all occurred during dry years in California, but these years were not nearly so dry as 1976-1977. These three maxima all occurred after the February-June season used for reconstruction, and may have been aggravated by artificial water withdrawal from the Delta. The wet conditions during the 1982-1983 El Niño were associated with the most seaward position of the LSZ during the instrumental period (Figures 1 and 7; Jassby and others 1995).
The average monthly positions of the LSZ are plotted by water year in Figure 8A , and illustrate the strong seasonal minima during the winter-spring period of high precipitation and runoff, which forces the salt field seaward. The mean March position is located within Suisun Bay; the mean August position is near the lower Delta (62.3 and 81.9 km, respectively; The correlation coefficients computed between the monthly LSZ indices and the regional blue oak tree-ring chronology (the tree-ring chronology in year t was correlated with January-September LSZ index also in year t, but with October-December LSZ indices in year t -1 ). The correlations exceed P < 0.05 from January-September. Figures 1 and 8A) . To define the best LSZ season for reconstruction with the tree-ring data, the regional blue oak chronology was correlated with the monthly LSZ index for the period from 1956 to 2003. The tree-ring data are significantly correlated with the LSZ position for 9 of 12 months, and the correlations exceed r = 0.70 from February through June ( Figure 8B) . We chose the period from February-June as the optimal period for reconstruction and averaged the instrumental LSZ data for these five months. The regional blue oak chronology is correlated with the February-June LSZ index at r = 0.86 for the 1956-2003 period, which reflects the strong biogeophysical coupling between California precipitation, blue oak growth, streamflow, and the geographical position of the salinity gradient in the estuary. In spite of the high correlations between the regional tree ring chronology and the salinity gradient, double mass analysis indicates that the seasonal LSZ data were subject to persistent excursions from regional precipitation forcing near the time of the two worst droughts during the late 20th century (i.e., 1977 and 1986, Figure 9 ). Double mass analyses were performed on seasonal precipitation averaged for climate divisions 2 and 5 in central California (Karl and others 1983 ), the regional blue oak chronology, the seasonal LSZ data, and the seasonal Delta outflow used in the computation of the LSZ index (e.g., CDWR 1999; Knowles 2002) . The double mass plot between regional precipitation and the regional tree-ring chronology does not indicate any discontinuities between the two accumulations ( Figure 9A ), which suggests that both variables are internally homogeneous. However, the comparison between the precipitation and the seasonal LSZ index indicates modest excursions in the LSZ data starting at approximately 1977 and 1986 ( Figure 9B) . Similar results were observed for the comparison between the regional tree-ring chronology and the LSZ data ( Figure 9C ). The double mass plot comparing seasonal Delta outflow with the seasonal precipitation data also indicates persistent excursions beginning at approximately 1977 and 1986 ( Figure 9D ). Note that accumulated outflow increases more slowly than accumulated precipitation ( Figure 9D ), which implies less Delta outflow per unit of precipitation during these two drought regimes. This could reflect a natural and/or managerial effect (e.g., withholding water during drought), but it led to accumulated LSZ positions rising more rapidly than either accumulated precipitation or ring width during these same drought episodes ( Figures 9B and 9C , respectively). These results suggest that the LSZ index and Delta outflow estimates are not entirely free of non-climatic effects associated with the droughts of 1976-1977 and 1987-1992 . The persistent excursions between the tree ring and LSZ data beginning in 1977 and 1986 are not large ( Figure 9B ), but they have affected the residuals from the regression model that links the two variables (see discussion below).
The regional tree-ring chronology was separated into four potential predictors of the February-June salinity gradient with years t -1 , t, t +1 , t +2 and submitted to forward stepwise regression. Blue oak growth in year t provided the best predictor, and the lead and lag variables did not significantly improve the regression model. The bivariate regression model used to estimate LSZ position was
where ˆ Y t = 67.367 9.646X t is the estimated LSZ position in year t, and X t is the regional tree-ring chronology also in year t. The relationship between the estimated and actual values of the February-June LSZ index during the calibration period 1956-2003 is summarized in Table 1 and illustrated in Figures 10A and 10B . The regional tree-ring chronology provides a good estimate of the actual data (R 2 adjusted = 0.73), particularly considering that this model is based entirely on the orchestration of tree growth, runoff, and LSZ variability by large-scale precipitation across a drainage basin that covers 165,700 km 2 . The tree-ring chronology under-estimates the observed data from 1987-1992 during the most persistent drought of the instrumental period, and over-estimates the LSZ position during three wet years (1978, 1993, and 1998 ; Figure 10B ). The persistent under-estimation may result, in part, from water export from the Delta during this drought, and has led to significant autocorrelation in the regression residuals and a poor Durbin-Watson statistic ( Table 1 ). The inclusion of additional lagged predictors in the forward stepwise regression modeling, including a quadratic transformation of the tree-ring data, did not eliminate this problem. When the regression was based on the period from 1956 to 1976, before the apparent inhomogeneity in the LSZ data, the tree-ring chronology accounted for 85% of the variance, and had no significant autocorrelation in the regression residuals. The LSZ estimates derived from this short calibration period passed most of the verification tests when compared with statistically independent instrumental data available from 1977 to 2003 (Table 2) . But because the shorter calibra-tion period excluded the most extreme minima and maxima in LSZ position, we choose to use the full calibration period model, which explained 73% of the variance from 1956 to 2003 for reconstruction in order to better estimate the frequency of LSZ minima and maxima over the past 625 years. The results presented in Table 1 indicate that the blue oak chronologies provide good estimates of the high frequency precipitation-driven variance in the salinity gradient, in spite of the modest inhomogeniety in the instrumental LSZ indices and the poor Durbin-Watson statistic ( Figure 9 , Table 1 ).
The reconstructed seasonal LSZ locations are plotted from AD 1379 to 2003 in Figure 11 for the two periods ( Figure 12 ). The recurrence probabilities for maxima ≥1.75 standard deviations above the mean were slightly higher during the 48 years from 1956 to 2003 than during the presettlement era (i.e., a 50% return probability at every 17.0 years compared with every 19.0 years from 1582 to 1850).
These results indicate little difference in the probability of LSZ maxima and minima during the presettlement era compared with the instrumental period, and suggest that the variability in the LSZ that arises strictly from cool-season precipitation fluctuations, and as recorded by blue oak trees, has not dramati- These results that compare hydroclimatic variability during the 20th century with the preceding 500 the reconstruction indicates that some of the most extreme single-year, two-year, five-year, and tenyear droughts and LSZ maxima occurred during the 20th century (Table 4 ). The worst two-year drought/ LSZ extreme was reconstructed for 1976-1977, and the most persistent decadal episode was reconstructed from 1917 to 1934 ( Figure 11 ). The most extreme reconstructed wet years with LSZ minima during the 20th century occurred during the El Niño years of 1998, 1983, 1978, 1958, and 1941 , but these wet years may have been exceeded by six LSZ minima during the preceding five centuries (Figure 11 ).
Return time analyses were used to estimate the probability of single-year LSZ minima and maxima. We also used return time analysis to compare the instrumental LSZ data from 1956 to 2003 with the tree ring reconstructed estimates during the presettlement period from 1582 to 1850 (when the reconstruction is well replicated, Figures 11D and 12) . The recurrence probabilities for LSZ maxima and minima ≥1.0 standard deviations from the mean are nearly identical Table 1 Calibration statistics computed for the two regression estimates of the position of the February-June LSZ based on the threesite and single-site tree-ring chronologies. The variance lost in regression was restored to all 625 reconstructed values using the ratio of the observed and reconstructed standard deviations in the calibration period (10.467/8.785 = 1.191) . The statistics calculated for the calibration period were the R 2 adjusted for loss of degrees of freedom, the root mean squared error (RMSE), and the Durbin-Watson statistic (DW) that tests for autocorrelation in the residuals from the regression model (Draper and Smith 1981) . The autocorrelation in the residuals was r -1 = 0.44 and 0.47 for the three-site and single-site calibrations, which are both significant according to the DW test at P < 0.05. 
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Figure 11
The tree-ring reconstructed February-June LSZ locations are plotted on an annual basis from 1379 to 2003 in (A), with 5-year smoothing in (B), and with 10-year smoothing in (C; note that the y-axis is inverted in A-C so that "dry" LSZ maxima are below mean and "wet" minima are above mean). The sample size of dated blue oak series is plotted in (D, for individual radii). The best-replicated period begins in 1582, when 30 radii from all three sites become available. Note the extreme LSZ maxima estimated for 1976 (A), the unusual 6-year run of drought and LSZ maxima from 1987-1992 (A,B,C), and the persistent drought/LSZ maxima from 1917-1934 (C) . - 
years are similar to the conclusions drawn by Meko and others (2001) for a tree-ring reconstruction of Sacramento River flow, but they contrast with the results of Haston and Michaelson (1994) who found reduced 20th century variability in a tree-ring reconstruction of precipitation for Santa Barbara. Our results also contrast sharply with the reconstruction of more persistent decadal droughts over the Sacramento basin prior to AD 1400 (Meko and others 2001) , and with the evidence for extreme changes in the water balance over California during the Medieval Era (Stine 1992; Graham and others 2006). The reconstructed LSZ data do not extend back into the Medieval Era, and the tree-ring reconstruction of hydroclimatic variability can be sensitive to the techniques of chronology development, including the detrending and standardization of ring width time series, regional chronology development and variance stabilization. However, proxy ring-width time series are subject to systematic changes in the mean and variance over the life of the organism and these changes are not related to climate variability ( Figure 5 ). Various ad hoc techniques have been used to recover low-frequency variability from tree ring data. When long-term variability in tree ring data is replicated broadly over space among many different species and forest environments, it is reasonable to conclude that the low-frequency changes arise from climate and not biological causes. The low-frequency changes in the mean and variance in the three chronologies used for this analysis are dominated by age-and size-related trend (mainly in the first half of each chronology, Figure 5 ), so we choose to concentrate on the high-frequency variability of blue oak growth that can be related unambiguously to precipitation, stream flow, and the resulting position of the LSZ.
Because the environmental impact of LSZ extremes that occur in consecutive years may be more problematic than single-year extrema, the intervals between consecutive reconstructed LSZ extremes were tallied for the past 625 years and the frequency distribution of consecutive seasonal maxima and minima are plotted in Figure 13 . Extremes were defined as follows: LSZ maxima ≥110% of the median and minima as ≤90% of the median. The intervals between consecutive two-year extremes were grouped into three-year bins for illustration ( Figure 13 ). There were 16 consecutive "wet" or low LSZ extremes that occurred within one to three years over the past 625 years, which largely reflects the tendency for wet regimes and low LSZ positions to persist for two to five years. Short intervals between consecutive "dry" LSZ regimes were less frequent than consecutive wet regimes based on this arbitrary ±10% threshold analysis of the reconstructed LSZ positions. Nevertheless, the frequency distributions in Figure 13 provide at least a first-order empirical expectation for the likelihood of consecutive February-June extremes in the future. Jassby and others (1995) noted that the most extreme LSZ minima in the instrumental record occurred during the major El Niño event of 1983, when California Figure 11 ). Only four of the ten most extreme LSZ maxima occurred during La Nina events (i.e., negative bivariate ENSO indices for DJFM), and six extreme LSZ minima occurred during weak El Niño events (Table 5) .
To explore the large-scale ocean-atmospheric features associated with the interannual variability of seasonal LSZ positions, we used correlation and composite analyses of the global SST field for the period 1900-2003 (Kaplan and others 1997) . The reconstructed February-June LSZ data were correlated with winter (January-April) SSTs and the classic gradient in SSTs in the north Pacific between Hawaii and the West Coast of North America was identified ( Figure 14A ). Drought and LSZ maxima are most strongly associated with warm SSTs northeast of Hawaii, and with cold SSTs to the southeast. The SST correlation patterns in Figure 14A are consistent with a strengthened Aleutian low, enhanced meridional flow, and a mean storm track over the Pacific Northwest, leaving most of California relatively dry. Wet winter and spring conditions and LSZ minima are associated with the reverse SST patterns ( Figure 14A ), which would tend to direct the storm track directly into California.
These correlation analyses do not indicate a prominent association with SST variations over the equatorial Pacific. However, the importance of El Niño conditions is evident when the SSTs are averaged and mapped for the ten years with the most extreme reconstructed LSZ minima ( Figure 14B ). These wet years over California from 1900 to 2003 have been associated with warm SSTs in the eastern equatorial Pacific and with the warm phase of the Pacific Decadal Oscillation (PDO) in the north Pacific. The SST pattern in Figure 14B is associated with strong convection in the central and eastern equatorial Pacific, a stronger subtropical jet stream, and the advection of moisture and momentum into southwestern North America. At the same time, the SST gradient over the northeast Pacific is weaker. However, the ten most extreme dry years with reconstructed LSZ maxima from 1900 to 2003 were not strongly associated with the opposite La Niña-like SST pattern over the equatorial Pacific ( Figure 14C ). In fact, central California is located near the wet-dry divide in the average ENSO teleconnection pattern to western North America and, in "normal" El Niño events, the Pacific Northwest tends to be dry. But the strongest El Niño events tend to be linked with the development of wet conditions extensively along the West Coast (Hoerling and Kumar 2000) . The composite SST map during the most exceptionally wet LSZ minima conditions appears to have been dominated by the strongest El Niño events of the 20th century ( Figure 14B , Table 5 ). Figure 13 The frequency distribution of intervals between consecutive LSZ extremes is illustrated based on the 625-year reconstruction. Extremes were defined as reconstructed LSZ maxima ≥110% of the median, minima as ≤90% of the median, and the intervals between consecutive 2-year extremes were grouped into 3-year bins for illustration.
indicates weak concentrations of variance at periods near 5, 7, and 15 years ( Figure 15A ). These spectral peaks are significant at up to the 99% confidence level, but each peak represents no more than 5% of the reconstructed time series variance. Wavelet analysis (Torrence and Compo 1998) further indicates that the concentrations in reconstructed variance in these three frequency bands have been highly episodic over the past 625 years ( Figure 15B ). LSZ variability in the frequency band nominally referred to as the ENSO band (i.e., with periods centered near 5 years) was prominent only for short intervals (e.g., dur-ing the late 15th, mid-17th, and late 20th centuries), and power in this band virtually disappeared during the early 17th and early 19th centuries ( Figure 15B) . Power in the 15-year frequency band appears to have been important during much of the 20th century, but was largely absent during the 17th and early 18th century ( Figure 15B ). This particular 15-year frequency component is vaguely apparent in the amplitude of the decadally smoothed reconstruction ( Figure 11C , especially in the late 15th and 20th centuries), but is probably not associated with the PDO, which has a longer time scale of variation, typically 
Relative Variance
Frequency 25 to 35 years (Zhang and others 1997) . This decadal to multi-decadal mode near 15 years has been previously detected in hydroclimatic data from California but has not been conclusively diagnosed.
SuMMARy AND CoNCLuSIoNS
The following conclusions summarize the rationale and results of this research project:
1. The mean position of the bottom water salinity front, or low salinity zone (LSZ), is strongly correlated with many physical and ecological conditions in the northern reach of San Francisco Bay.
2. The position of the LSZ is tightly coupled with freshwater inflow to the estuary, precipitation over the drainage basin and, ultimately, to regional and large-scale climate variability.
3. Blue oak tree-ring chronologies are sensitive to cool-season precipitation totals across San Francisco Bay's drainage basin, and are also well correlated with seasonal streamflow totals in California, with surface salinity at the Golden Gate, and with the longitudinal salinity gradient in the northern reach of the estuary.
4. The precipitation signal embedded in the proxy blue oak chronologies cannot be used to reconstruct variability in the LSZ under fully natural conditions before water regulation and land use change, but it can be used to estimate the range of seasonal low-salinity positions that might have occurred under the natural climate variability of the past 625 years, given the existing conditions in the estuary: the modern land cover, channel geometry, estuarine bathymetry, and regulated water regime.
5. Three selected blue oak chronologies were used to develop a reconstruction of the February-June average LSZ position from AD 1379 to 2003, explaining 73% of the variance in the instrumental data during the 1956-2003 calibration period.
6. This reconstruction succeeds because the blue oak chronologies faithfully record a significant fraction of winter-spring precipitation totals over San Francisco Bay's drainage basin. The February-June season of reconstruction precedes the late summer dry period when extreme maxima in the salinity field create management concerns for Delta agriculture and aquatic ecosystem function. Nevertheless, the February-June LSZ index is highly correlated with subsequent salinity variations in late summer [e.g., the reconstructed February-June LSZ data are correlated with the actual monthly LSZ indices of Jassby and others (1995) at 0.76 for July, 0.71 for August, 0.69 for September, and 0.67 for October, from 1956 October, from -2003 . The winter-spring period provides the principal natural climatic preconditioning for the summertime non-tidal salinity field, and is the season when large-scale ocean-atmospheric modes tend to induce interannual to decadal regimes on the precipitation and streamflow climatology of California.
7. The pure proxy precipitation-driven estimates of February-June low salinity position suggest that the natural hydroclimatic component of this estuarine habitat indicator has been approximately stationary over the past six centuries, subject to dramatic interannual and decadal scale maxima and minima, but not dramatically different from the unregulated hydroclimatic component of LSZ variability witnessed during the 20th century. These reconstructions do not cover the Medieval Era when various biological and geological proxies indicate that California may have experienced a fundamentally more negative water balance. These LSZ estimates are based entirely on the natural hydroclimatic forcing of tree growth, stream flow, and the resulting non-tidal position of the LSZ in the estuary, and they do not take into account the effects associated with ocean circulation, sea level rise, freshwater diversions, or anthropogenic climate changes on the natural runoff regime into the estuary.
8. Sea surface temperature and atmospheric circulation regimes over the North Pacific during the cool season are correlated with interannual variations in the reconstructed position of the LSZ. The most extreme wet years and LSZ minima have tended occur during very strong El Niño events, but droughts and salinity zone maxima do not appear to occur during La Niña events.
9. Dense networks of long tree-ring chronologies have also been developed in the drainage basins of Delaware Bay, Chesapeake Bay, and Pamlico Sound (e.g., Cook and others 2007) , and might be possible for Florida Bay. These treering chronologies in the eastern United States do not tend to be as precipitation-sensitive as blue oak in California, but might nevertheless provide insight into physical and biological variability in those important Atlantic coast estuaries.
